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Abstract 
A new approach to microbial electrosynthesis is proposed, aimed at producing whole biomass from 
N2 and inorganic carbon, by electrostimulation of complex microbial communities. On a carbon-
based conductor under constant polarization (-0.7 V vs SHE), an electroactive biofilm was enriched 
with autotrophic nitrogen fixing microorganims and led to biomass synthesis at higher amounts (up 
to 18 fold), as compared to controls kept at open circuit (OC). After 110 days, the electron transfer 
had increased by 30-fold, as compared to abiotic conditions. Metagenomics evidenced Nif genes 
associated with autotrophs (both Archaea and Bacteria) only in polarized biofilms, but not in OC. 
With this first proof of concept experiment, we propose to call this promising field 
‘bioelectrochemical nitrogen fixation’ (e-BNF): a possible way to ‘power’ biological nitrogen 
fixation, organic carbon storage and soil fertility against desertification, and possibly a new tool to 
study the development of early prokaryotic life in extreme environments. 
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Introduction 
Nitrogen (N) is an essential brick for the synthesis of amino acids, DNA, RNA and proteins: in a 
single word, for life. Unlike other nutrients (P, K, Mg, etc.) available in the lithosphere, most N on 
earth is ‘locked’ in its chemically stable form (dinitrogen, N2) and accumulated in the atmosphere. 
During the earth’s evolution, N has often been the limiting factor for life in the Biosphere [1]. 
Biological N fixation (BNF) is the main natural pathway for N to enter biogeochemical cycles [2]. 
After the Archaean era, BNF was the main source of available N for ecosystems on Earth, with 
about 203 Tg (1012 g) of reactive N produced per year [2]. With the advent of the industrial era, the 
Haber-Bosch process allowed massive production of ammonia from N2 (120 TgN yr
-1, 80% of 
which is used as fertilizer in agriculture), relying on massive use of fossil fuels and has been the 
main route to producing nitrogenous fertilizers. Since then, natural N-cycles have been deeply 
disrupted by the massive distribution of mineral-N to croplands, with several deleterious imbalances 
in the biosphere [3]. From a sustainability aspect, N-fertilization should be more territorially 
distributed, sustainable and based on renewable energy sources. Also, soil enrichment of both 
carbon and N (as organic matter), instead of free-ammonia, should be pursued, to guarantee the 
right balance of elements in the pedosphere [4] and long-term soil fertility preservation [5,6]. 
In nature, the ability to fix atmospheric N2 is found exclusively among members of the Bacteria and 
Archaea domains (called diazotrophs) [7]. Higher living organisms are unable to fix N and 
eukaryotic photosynthetic organisms (algae, plants) rely on symbiotic interactions with diazotrophs 
[8]. 
The biochemistry of BNF is driven by the availability of a) a source of reducing power to allow 
electron transfer (ET) to a nitrogenase complex and b) a source of chemical energy to store 
sufficient ATP for the energetic needs of nitrogenase. Heterotrophic diazotrophs harvest both 
electrons and energy from reduced sugars or carboxylates. This happens in organic-matter-rich 
environments and in root nodules of leguminous plants [9]. Phototrophic diazotrophs contribute to 
another consistent share of BNF, harvesting both electrons and ATP from sunlight at sufficient 
amounts to simultaneously fix N2 and inorganic carbon [10]. Before photoautotrophic and 
heterotrophic diazotrophy took over as the two main routes to BNF, lithoautotrophic prokaryotes 
are known to be the pioneers of BNF, able to harvest electrons and ATP from inorganic reduced 
molecules, metal ions or minerals (e.g. H2, H2S, CO, Fe
2+, pyrite), to synthetize organic molecules 
[11]. Many lithoautotrophs, among pioneer and ancient microorganisms, are also known to be 
facultative diazotrophs [12–14]. The fixation of inorganic carbon and N2 by such microorganisms is 
recognized to be a key pathway to the development of life in extreme environments, such as 
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protosoils in glaciers or deserts [15,16]. However, they account for a very limited share (<1%) of 
total N fixed by BNF [2]. 
Recently, lithoautotrophy has been studied as key mechanism to artificially interact with microbial 
metabolism by electrical current flow, in the emerging research field of microbial electrochemistry. 
Microbial electrochemical systems are biotechnological devices that allow the exchange of 
electrons with microbes and to interfere with their metabolism, by imposing an electrical current. 
Microbial electrosynthesis (MES), one of the most advanced applications in microbial 
electrochemistry, is based on this principle: under imposed electrochemical potentials (typically -
0.3 – -1 V vs standard hydrogen electrode, SHE) [17–19] on solid electrodes (cathodes), autotrophic 
communities, often forming biofilms, are induced to fix inorganic carbon to produce short-chain 
carboxylates, alcohols or methane [19–22]. This is based on the capacity of  extracellular electron 
transfer (EET) in certain microbes to use solid materials as electron acceptors or donors to obtain 
reducing/oxidative power and to conserve ATP for their metabolism [23,24]. When the external 
material acts as an electron donor, the process has been recently referred to as electro-autotrophy, 
i.e. a particular type of lithoautotrophy [15,25]. Under such conditions, inorganic carbon is 
simultaneously the carbon source and the electron acceptor [24]. EET has been described both by 
direct and indirect paths. Several different mechanisms and membrane proteins involved in EET 
have been demonstrated in a number of genera of both Archaea and Bacteria domains [23]. While 
direct EET was demonstrated to be possible through various membrane bound proteins (e.g. 
cytochromes) and extracellular electroconductive polymeric substances (recently called nanowires 
or e-pili) [13,26], indirect EET is normally associated with organic (e.g. flavins, quinones) or 
inorganic (e.g. H2, CO, HCOO
-) soluble molecules, that act as electron shuttles to microbial whole 
cells [27]. In many cases, complex biofilms exchange electrons by a combination of these EET 
mechanisms, allowing lower overpotentials, as compared with 100% abiotic electrocatalysis 
towards similar reactions [21,28,29]. 
In this work, we propose to merge microbial electrosynthesis and BNF. We hypothesize that 
electro-autotrophic metabolism would be a possible path to simultaneously fix inorganic carbon and 
N2, i.e. to drive the synthesis of new microbial biomass from air, water and electricity. Solid 
electrodes could serve as electron donors for both inorganic carbon and N fixation, by enriched 
autotrophic biofilm communities.  
Previous experiments had conceived artificial BNF at room temperature to obtain free ammonia, by 
using enzymatic catalysis, i.e. based on incorporating nitrogenase enzymes (obtained from the 
diazotroph Azotobacter Vinelandii) on polarized electrodes [30]. Others have tried a similar 
‘enzymatic’ approach. Paschkewitz et al. [31,32] attempted an ‘electro-enzymatic’ approach by 
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coating a glassy carbon electrode with a mix of a polymer (Nafion and dried cells of A. variabilis, 
cultivated in N-starvation conditions). They observed ET, mediated by Fd- and NADH, from the 
electrode to the enzymatic pool (nitrogenase and nitrate/nitrite reductase) of A. variabilis, driving 
ammonia formation. 
These approaches encouraged the combination of BNF with MES: when electrons are successfully 
shuttled from a polarized electrode to intracellular redox mediators such as NADH and Fd, the 
enzymatic system of diazotrophs can evolve significant amounts of ammonia from N2. However, 
the ‘enzymatic’ path might limit the durability and applicability of such systems. Also, by such an 
approach, inorganic carbon is not fixed and N remains in the form of free ammonia.  
More recently, Liu and colleagues demonstrated the possibility of using living cells coupled to an 
electrochemical system, towards N fixation [33]. They generated H2 by electrochemical water 
splitting using a specific abiotic catalyst (Co-P alloy) and imposing a cathodic polarization of 
around -0.7 V vs SHE, pH 7. This H2 diffused through the bulk growth medium of a planktonic pure 
culture of Xanthobacter autotrophicus (a known lithoautotroph), as source of reducing power for 
simultaneous C and N fixation. The main limits of this experiment, towards possible future 
applications to real-life, were: a) the difficult applicability of pure cultures to real scales due to 
sterility issues; b) the inefficiency of producing soluble-H2 in a bulk liquid and to make it available 
to planktonic microbial cells; c) the use of a relatively expensive and technological inorganic 
catalyst, such as Co-P for H2 evolution; d) the relatively high potential difference applied to the 
system (ΔE = 3 V), needed to overcome abiotic reaction overpotentials. 
Herein, we present the first study where a mixed microbial community was enriched directly on a 
plain carbon-fiber electrode (no abiotic catalyst), as a complex biofilm. As typically happens in 
MES, electro-active complex communities can be enriched on an electrodes surface and form a 
biofilm, which completely changes the electrochemical overpotentials of electrode reactions, 
because a combination of abiotic and biotic reactions influence the EET [19,34]. Also, interactions 
between different metabolic pathways might help in sustaining overall biomass production, as 
compared to the pure-culture approach. 
Materials and methods 
Double-chambered bioelectrochemical reactors were run in parallel for 110 days, under autotrophic 
and N-starvation conditions, at 25 °C, in complete darkness. Plain carbon-cloth electrodes, without 
any specific abiotic catalyst, were continuously polarized by Nanoelectra Nev 4 potentiostats 
(Spain), at -0.9 V vs Ag/AgCl (sat. KCl) reference electrodes (nearly -0.7 V vs SHE). This potential 
was chosen after electrochemical measurements on the experimental set-up, to avoid abundant H2 
evolution by abiotic reactions. Due to the relatively high overpotentials generated by this 
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experimental configuration, typical H2-evolution currents were observed below -0.8 V vs SHE in 
linear sweep voltammetries (Figure S0, supplementary materials).  
One reactor was under air-exposed (AE) conditions, while another under strict anaerobic (AN) 
conditions (N2 atmosphere). Two other identical reactors were set up under the same oxygen-
exposure conditions and served as control at open circuit (OC). All cathodic chambers were 
inoculated with a mixed microbial consortium, obtained from different environmental sources. To 
favor a biofilm-forming cathodic community over planktonic cells and to restore N-starvation and 
autotrophic conditions, the bulk medium in all reactors was completely replaced with an N- and 
organic-C-deficient medium at days: 15, 28, 37 and 78. 
Bioelectrochemical reactors and electrochemical measurements 
The bioelectrochemical reactors were made with pairs of 125-mL bottles, connected by a lateral 
neck. A proton exchange membrane (Nafion 117) separated the anodic and cathodic chambers. 
Cathodes were made of plain carbon cloth (geometric area: 250 cm2), rolled-up cylindrically, while 
counter electrodes were made of stainless steel grid, with an identical geometric area. 
The systems were tested under abiotic conditions by linear sweep voltammetry and 
chronoamperometry for around 15 days. This was repeated after inoculation (day 1) and several 
times during the experiment, to follow biofilm growth. Sweep voltammetry (between -0.4 to -0.7 V 
vs SHE) was performed only on polarized reactors (AE and AN), to determine the intensity 
generated at different points in the experiment. Neither chronoamperometric nor polarization tests 
were applied on OC reactors (AE-OC and AN-OC), to avoid possible electrostimulation of the OC 
biofilms. 
Culture medium 
Both chambers of each reactor were filled with 100 ml of a culture mineral medium [35], modified 
by omitting bioavailable N sources. Each liter contained 10 g of K2HPO4 and 10 ml of trace element 
solution. The trace element solution (1 liter) was prepared with 0.5 g Na2-EDTA, 0.2 g FESO4·7 
H2O, 0.1 g ZnSO4·7 H2O, 0.03 g MnCl2·4 H2O, 0.3 g of H3BO3, 0.2 g CoCl2·6 H2O, 0.01 g CuCl2·2 
H2O, 0.02 g NiCl2·6 H2O,0.03 g Na2MoO4·2 H2O. Each solution was prepared using ultra-pure 
water (milliQ®, Merck). The medium was autoclaved before the addition of 10 g of NaHCO3. The 
bicarbonate buffer ensured the source of CO2 and pH stability around 8. Before each medium 
replacement in the bioelectrochemical reactors, the medium was sparged with pure N2 gas and pH 
was adjusted to 8.0. 
Inoculum and system start-up 
The cathodic chamber was inoculated with a mixed microbial community harvested from: a) the 
anaerobic sludge (2 mL for each reactor) from the anaerobic digester of a municipal wastewater 
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treatment plant (Milan, Italy) and b) filtered (1 mm mesh) bovine manure (1 mL) from a farm near 
Milan. The start-up period lasted 10 days, during which the medium was replaced twice. The first 
time the medium was replaced with 50% of fresh medium and 50% of reactor broth of the previous 
batch cycle. In the second cycle, the medium was totally replaced with the organic N and C free 
fresh medium, to maintain both C- and N-starvation conditions. 
After the start-up period, the experiments were run for over 110 days, with the culture medium 
changed five times in the cathodic chamber, after increasing incubation periods (from 15 to 30 
days), to favor the biofilm community over planktonic cells and to periodically restore N-starvation 
conditions.  
Total Organic Carbon (TOC) and Total Kjeldahl Nitrogen (TKN) 
Total Organic Carbon (TOC) was analysed using a SIEVERS 820 Portable Total Organic Carbon 
Analyzer (GE Analytical Instruments, UK). This tool provides an extremely sensitive measurement 
of the TOC concentration in water solutions [36], by measuring conductivity in a deionized water 
solution, where the CO2 coming from TOC mineralization is dissolved. Inorganic carbon in the 
sample is measured in a parallel channel, where mineralization is not performed. Before the 
injection, 1 mL of sample was treated for 30 minutes in a solution of 1 mL of phosphoric acid and 
23 mL of deionized water to decrease inorganic carbon concentration and avoid interference. Then, 
1 mL of solution was injected into the analyser. This procedure was repeated three times (triplicate). 
TKN was determined in triplicate by ammonium distillation and titration (with H2SO4), after 
digestion of nearly 50 mL of bulk sample in H2SO4.  
Total planktonic cell count 
50 ml of bulk samples were fixed, stained with DAPI (4',6-diamidino-2-phenylindole) and observed 
with a fluorescence microscope. DAPI analyses were performed on the planktonic community at the 
end of each cycle. Cells in 100 mL medium were fixed by adding 1.0 mL of 4% paraformaldehyde 
and stored for 3 h at 4°C. Following fixation, the samples were centrifuged at 10000 rpm and the 
pellets obtained were rinsed using PBS and stored in 50% ethanol, 50% PBS at −20 °C. Each pellet 
was stained using D PI following the protocol described by Zecchin et al. [37]. The samples, after 
dilution in NaCl solution (9 g L-1), were mixed with DAPI solution to a final concentration of 5 µg 
mL-1 and incubated at room temperature for 15 min in the dark. Samples were then immobilized on 
black 0.2 µm IsoporeTM GTBP membrane filters (Millipore). After drying, the filters were mounted 
on glass slides with Vectashield mounting medium (Vector Laboratories, Burlingame, CA, US), in 
order to reduce autofluorescence of the samples, and observed with a fluorescence microscope 
(Zeiss Axioskop) supplied with a Mercury Short Arc HBO 50W/ACL2 OSRAM UV lamp and 
Zeiss 1 filter sets for DAPI. The cells were counted in 20 microscopic fields using a calibrated grid. 
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Measurements of soluble molecules in the bulk liquid phase 
NH4
+, NO3
- and NO2
- were measured after filtration (0.2 µm nylon filters) using HACH vials and 
HACH DR220 Vis-spectrophotometer, following the standard procedure for each analyte. Detection 
limits of concentrations, for NH4
+, NO3
- and NO2
-, were 0.01 mgN L-1. Low molecular weight 
organic fatty acids (acetic, propionic, iso-butyric, butyric, valeric) were determined using a gas-
chromatograph Varian CP-3800 equipped with FID detector and a gas capillary column NUKOL, 
30 m x 25 mm, diameter: 0.25 mm, by SUPELCO. FID was run at 250 °C. Detection limits of such 
procedure were 0.1 mg L-1. 
Headspace gas analysis 
O2, H2, CH4, CO2 and N2 concentrations were sporadically measured in the headspace through gas 
chromatography, using thermal conductivity detectors (Micro GC 3000, Agilent Technology, Santa 
Clara, CA, USA) [38]. 
Cathodic biofilm imaging by Confocal Laser Scanning Microscopy (CLSM)  
The structure and the architecture of biofilms growing on cathode surfaces of the four reactors after 
37 and 110 days of operation were investigated by CLSM as previously reported by Villa et al. 
[39,40].  
A lectin Concanavalin A-Texas Red conjugate (ConA, Invitrogen, Italy) was used to visualize the 
polysaccharide component of biofilm matrix (extracellular polymeric substances, EPS), whereas 
Syto 9 green fluorescent nucleic acid stain (Invitrogen, Italy) was used to display biofilm cells. 
Cathode samples were incubated with 200 µg µl-1 ConA and 5 mM Sito-9 dye solution in ddH2O at 
room temperature in the dark for 30 min, and then rinsed. Confocal images were collected using a 
Leica TCS-SP5 confocal microscope (Leica Microsystems Heidelberg GmbH, Germany) and a 40X 
0.7NA water immersion objective or a 1X dry lens objective. Fluorescence was excited and 
detected using the following laser lines and emission parameters: for Syto 9-stained cells, ex 488 
nm laser, em 500 to 550 nm, and for ConA-stained EPS ex 561 nm laser, em 570 to 620 nm. In 
addition, the CLSM was used in reflectance mode with the 488 nm argon line for relief imaging of 
carbon fiber cloths. Captured images were analyzed with Imaris software (Bitplane Scientific 
Software, Switzerland) for 3D reconstruction. At least six biofilm images were collected for each 
sample and representative images were selected.  
Total DNA extraction from cathodic biofilms 
After the enrichment period (day 37) and at the end of the experiment (day 110), nucleic acids were 
extracted from cathodic carbon cloth samples obtained from the four reactors. Total DNA was 
extracted from approximately 0.25 g of samples, using a PowerSoil DNA Isolation Kit (MoBio 
Laboratories, Inc., Carlsbad, CA,USA) according to the manufacturer’s instructions. The quantity 
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and the quality of extracted nucleic acids were measured by spectrophotometry (BioPhotometer, 
Eppendorf) and visualized under UV light in a 1% gel electrophoresis with TAE × 0.5.  
Whole genome shotgun sequencing and bioinformatic analysis  
Shotgun metagenomic libraries were prepared using a Illumina Nextera DNA library preparation kit 
(Illumina, Inc., USA) with total DNA input of 40–50 ng, as per manufacturer's instructions. The 
resulting DNA fragment libraries were cleaned up with Agencourt AMPure XP beads (Beckman 
Coulter, Inc., USA) and fragment size within the range of 300–700 bp was verified by running in a 
2100 Bioanalyzer using an Agilent High Sensitivity DNA chip. Multiplexed DNA libraries were 
quantified with KAPA Library Quantification Kit and normalized to 2nM following standard 
protocols for sequencing in the Illumina MiSeq platform. Finally, pair-end sequencing was 
performed with a MiSeq V2 chemistry (150x2) through the Illumina MiSeq platform. 
Output fastq files were assembled with Spades 3.7 [41] using standard settings. Assemblies were 
uploaded on the MG-RAST server (MetaGenome Rapid Annotation using Subsystems Technology 
[42]) for automatic annotation.  
From the metagenomics libraries, sequences classified as subunits of the nitrogenase complex after 
comparison with the COG database (Clusters of Orthologous Groups of proteins [43]) were 
extracted and individually compared with the NCBI database using BLASTP [44]. Similarly, 
sequences of genes related to ET as cytochromes C, type IV pili and ET flavoproteins (COG2025) 
were extracted from the metagenome. Molecular phylogenetic analysis of the sequences encoding 
one of the nitrogenase complex subunit was inferred with the Maximum Likelihood method using 
MEGA [45]. 
Fluorescent in situ hybridization (FISH) analyses of cathodic biofilms 
Fluorescence in Situ Hybridization (FISH) was performed on carbon cloth pieces obtained from the 
cathode surfaces of the four reactors after 37 and 110 days of operation. Carbon cloth samples were 
cut from the cathodes and carefully transferred into sterile tubes (2 mL capacity) to minimize 
disruption of the biofilms. Cells were fixed by adding 1.0 mL of 4% paraformaldehyde and stored 
for 3 h at 4°C. After fixation, the samples were gently rinsed using PBS and stored in 50% ethanol, 
50% PBS at −20°C.  
Sections of carbon cloths were hybridized with 5′-, 3′-doubly labeled probes EUB338 (doubly 
labeled with Cy5, specific for the domain Bacteria) and ARCH915 (doubly labeled with Cy3, 
specific for most Archaea). Double-labeled probes were obtained from Thermo Hybaid (Interactiva 
Division, Ulm, Germany) and used to increase the probe signals, overcoming possible low cellular 
ribosome content[46].  
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FISH was performed as previously described by Cappitelli et al. [47] with the following 
modifications. Briefly, carbon cloth samples were rapidly immersed in a pre-warmed hybridization 
buffer (0.9 M NaCl, 20 mM Tris–HCl pH 7.2, 0.01 % wt/v SDS, 30 % v/v deionized formamide, 1 
ng/l of each probe) and incubated overnight at 46 °C. After hybridizations, the samples were 
washed for 20 minutes at 48 °C in a washing buffer to remove the unbound probes. Finally, the 
samples were rinsed with cold distilled water and air dried.  
The specificity of the rRNA hybridization, was checked by treating permeabilized samples with an 
RNase cocktail as reported by Villa et al.[48]. Hybridized carbon cloth sections were inspected by 
CLSM as previously reported. Captured images were analyzed with the Imaris software (Bitplane 
Scientific Software, Switzerland) for 3D reconstruction. MetaMorph Imaging software (Molecular 
Devices, Sunnyvale, CA, USA) provided quantitative data of biovolumes occupied by the two 
different fluorescent probes. Using region tools, both the green (Bacteria) and red (Archaea) areas 
for all planes of a stack were measured and then multiplied by the Z-axis distance to calculate the 
corresponding biovolumes. A minimum of seven biofilm images were analyzed for each sample and 
representative images selected.  
Adjustment of the brightness/contrast and level settings was applied to the entire images. Processing 
of individual images was identical to ensure comparison between samples. 
Quantitative real-time PCR 
The 16S rRNA genes of Bacteria and of Archaea were evaluated for the quantification of the 
microbial community in cathodic carbon cloth samples. Primers for quantification of Bacteria 16S 
rRNA genes were Eub338F (5’-ACT CCT ACG GGA GGC AGC AG-3’) and Eub518R (5’-ATT 
ACC GCG GCT GCT GG-3’), they were used at final concentration of 200 nM in a reaction 
performed according to the literature [49].  
Primers for the quantification of Archaea 16S rRNA genes were ARC787F (5’-
ATTAGATACCCSBGTAGTCC-3’) and ARC1059R (5’-GCCATGCACCWCCTCT-3’), they 
were used at a final concentration of 500 nM according to Yu et al. [50]. All the reactions were set 
up in a 20 µL mixture volume containing 1x Titan HotTaq EvaGreen® qPCR Mix (Bioatlas), 
primers at above-mentioned concentrations, 2 µL of template DNA and PCR-grade water (Sigma-
Aldrich). When necessary, appropriate dilutions of DNA were made to fit Cq values of samples into 
standard curves. Real Time qPCR reaction was performed on a MJ MiniTM cycler equipped with a 
MiniOpticonTM system (BIO-RAD, USA). The melting curves were calculated at the end of each 
run. Each sample was amplified in triplicate and no-DNA controls were run in parallel. To calculate 
the gene copy number, standard curves were created by amplifying known amounts of DNA 
isolated from cloned plasmids containing the targets [37,51].  
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Illumina MiSeq 16S sequencing 
Genomic DNA was PCR-amplified using a two-stage “targeted amplicon sequencing (TAS)” 
protocol [52,53]. The sequencing procedure was performed as described previously [54]. The 
primers contained 5’ common sequence tags (known as common sequence 1 and 2, CS1 and CS2) 
as described previously [55]. Two primer sets were used for this study, including 
CS1_341F/CS2_806R (Bacteria), CS1_ARC344F/CS2_ARC806R (Archaea) [54].  
Library preparation and pooling was performed at the DNA Services (DNAS) facility, Research 
Resources Center (RRC), University of Illinois at Chicago (UIC). Sequencing was performed at the 
W.M. Keck Center for Comparative and Functional Genomics at the University of Illinois at 
Urbana-Champaign (UIUC). 
Forward and reverse reads were merged using PEAR [56]. Ambiguous nucleotides and primer 
sequences were trimmed (quality threshold p = 0.01). After trimming, reads containing internal 
ambiguous nucleotides, lacking either primer and/or shorter than 300 bp were discarded. Chimeric 
sequences were identified with the USEARCH algorithm [57] and removed. Further analyses were 
performed with the QIIME tools [58]. Sequences with a similarity higher than 97% were grouped in 
Operational Taxonomic Units (OTUs) and representative sequences for each OTU were aligned to 
the SILVA SSU Ref dataset [59] using the PyNAST method [60]. After taxonomic assignment, 
OTU tables were generated for each sample.  
 
Results and discussion 
As confirmed by abiotic experiments (Figure S0 of Supplementary materials), consistent H2 
evolution (observed as increased slope of polarization curves) started below cathodic potentials of 
around E = -0.8 V vs SHE (Figure 1a,b). Under abiotic conditions, cathodic currents at E = -0.7 V 
vs SHE were only around 0.08 mA (Figure 1a,b). This corresponds to around 150 times less than 
currents generated in the experiment by Liu et al., at the same cathodic potential (-0.7 vs SHE) and 
with similar electrode areas and reactors geometry, while in the presence of the specific abiotic 
catalyst of hydrogen evolution reaction (Co-P alloy) [33]. In our experiment, where no specific 
catalyst was present on the carbon cloth surface, H2 evolution by abiotic water splitting likely had a 
marginal role in ET at E = -0.7 vs SHE. Only at lower cathodic potentials (E < -0.8 V vs SHE), 
polarization curves showed incremental slopes, typical of H2 evolution (Figure 1a,b). As further 
confirmation of this hypothesis, H2 was never detected in any reactor headspaces. Only trace 
concentrations of methane were detected in the headspace of AN, while CH4 concentrations were 
below the detection limit in all other reactors (Table S1).  
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After inoculation, a consistent increase of polarization current intensity at E = -0.7 V vs SHE, 
observed during the experiment, compared with day 1 (Figure 1a,b). This suggests that 
electroactive microbial communities were progressively establishing on cathodes, consistently 
boosting the ET, as compared to the abiotic conditions. While abiotic ET was marginal, polarization 
currents at E = -0.7 V vs SHE increased to around 1 mA for both AE and AN, along with biofilm 
establishment on cathodes (e.g. days 37 and 56). At day 110, cathodic polarization currents in AE 
reached almost 4 mA (50-fold increase as compared to day 1, Figure 1b). Such an increase in ET 
(1-2 orders of magnitudes) was possibly linked to several biotic interactions with the surface of the 
carbon cloth, including direct EET to the microbial biofilm. In support of this hypothesis, 
metagenomics analysis applied to cathodic biofilm DNA (Table 1), sampled at day 37, evidenced 
the presence of several genes encoding well-known proteins [18,29,34,61,62] associated with direct 
(different categories of cytochromes-C and type IV pili) or indirect (flavoproteins COG2025) EET 
(Table 1). ET flavoproteins (COG2025), different categories of cytochromes-C and type IV pili 
were retrieved in all samples (Table 1). Up to twice the number of such genes were retrieved in 
polarized trials, as compared to OC controls (Table 1). 
 
Table 1 - Summary of the output of Illumina shotgun sequencing performed on samples obtained 
from the cathodic biofilms after the enrichment period (day 37). 
Sample Raw Reads Contigs Av. Length 
(bp) 
16S rRNA 
gene 
sequences 
Nitrogenase 
subunit 
sequences 
ET genes 
AN-OC 1023878 78661 310 116 9 110 
AN 1541178 116383 383 130 12 158 
AE-OC 513010 44360 341 57 0 50 
AE 1050650 91466 304 112 16 121 
 
At day 110, AE showed 3-times higher cathodic currents as compared to AN (Figure 1 a,b). This 
resulted in a higher amount of cumulative charge transfer along the 110 days (423 C vs 265 C) 
(Figure 1c,d). Microscopic investigations of representative portions of cathodic biofilms revealed 
the evolution (along 110 days) of consistent structures in AE, as compared to all other trials (Figure 
2). At day 110, the colonization pattern of AE samples visibly increased (in comparison to day 37, 
Figure S1), showing a network-like structured biofilm spreading among the carbon cloth fibers and 
occupying the whole surface (Figure 2).  
The biofilm spatial patterns which emerged at day 110 in AN, as well as in OC controls (both AN-
OC and AE-OC) were different. As compared to day 37 (Figure S1), the biofilm in AN at day 110 
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appeared to decrease in biomass volume and showed deterioration (Figure 2). Similar dramatic 
reduction of biofilm cluster size and loose assemblages of cells were observed in OCs, suggesting 
the impairment of the biofilm integrity (Figure 2 and Figure S1). Interestingly, the impairment of 
biofilm in AN observed at day 110 (Figure 2) was perfect in accordance with the slight decrease in 
cathodic polarization currents shown in Figure 1a after day 37. This further confirms that the ET 
processes were substantially mediated by biotic electro-activity. 
Representative FISH images of the cathodic biofilms (Figure 2 and Figure S2) confirmed that, in 
AE cathodic biofilms, the proportion of both bacterial and archaeal ribosomes significantly 
increased over time (day 110 vs day 37) in comparison with all other biofilm samples. Three-
dimensional reconstruction of the AE biofilm revealed an inner core region where a cluster of 
microorganisms of the Archaea domain were located and covered by a thick layer of Bacteria 
(Figure 2). Possibly, ET favored local anaerobic conditions on the cathode surface, despite the air-
exposure.  
Quantitative and semi-quantitative analyses confirmed this scenario. Biovolumes of both archaeal 
and bacterial communities (Figure 3) significantly increased over time in AE (see values of day 37 
in Figure S3), as compared with the control AE-OC (for both Archaea and Bacteria). Quantitative 
real-time PCR (qPCR) confirmed this result: AE showed the highest amount of Archaea 16S rRNA 
gene copies at day 37 (Figure S3) and this number increased by 4-fold at day 110 (Figure 3), while 
strongly decreasing in AE-OC. Bacteria also increased exclusively in AE (Figure 3 and Figure 
S3), while decreasing in AE-OC biofilms. By contrast, the 16S rRNA gene copies for Archaea were 
not significantly different in AN and AN-OC and did not significantly vary with time (day 37, 
Figure S3 and day 110, Figure 3). Accordingly, Archaea and Bacteria biovolumes tended to 
decrease or remained constant. 
Figure 3 also shows quantitative measurements of biomass suspended in the bulk medium (as TOC, 
TKN and cells). Mineral forms of N (NH4
+, NO2
-, NO3
-) as well as soluble organic C-sources 
(volatile fatty acids C2- 6), were found to be below detection limits (0.01 mg L-1) along the 
experiment. Therefore, heterotrophic microbial growth in the bulk liquid phase was likely limited. 
In parallel, autotrophic metabolism supported by H2 diffusion to the bulk phase was likely 
negligible, as observed from polarization curves (Figure 1). These observations lead us to 
hypothesize that biomass was released into the liquid phase mainly from biofilms. 
The average rates of biomass release (days 37 - 110) was 3- to 6-fold higher in the presence of 
current flow, as compared to OCs, in both AE and AN. In the case of AE, this increase mirrored 
that observed for biofilms (Figure 3). In AN, the final part of the experiment indicated that biofilm 
structure was compromised. Despite that, quantitative determinations of microbial biomass released 
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into the bulk medium were significantly higher than in AN-OC (Figure 3). These findings support 
the effect of electrostimulation on biomass synthesis under polarization, as compared to OC 
conditions. 
We assume that these differences represent the C and N fixed by autotrophic/diazotrophic 
metabolism and, in parallel, possible additional N fixed by heterotrophic diazotrophs. In this 
hypothesis, the rates of biomass synthetized and released into the bulk liquid would result in around 
0.3 mgC L-1 d-1, 0.2 mgN L-1 d-1 or 5*109 cells L-1 d-1. Unfortunately, a complete quantitative 
balance of C and N to also account for the biofilm, could not be performed in this experiment. 
However, the remarkable increase in biomass, observed in both biofilm (for AE) and bulk liquid as 
compared to OC controls (Figure 3), suggests that electrostimulation of electro-autotrophic routes 
towards N- and C-fixation must have represented the key-factor for biomass synthesis. We propose 
to call this process bioelectrochemical N fixation (e-BNF). Figure 4 shows the concept of e-BNF 
and hypothesizes the future use of such process for engineered applications aimed at 
restoring/improving soil fertility, against desertification. 
Metagenomics applied on cathodic biofilms DNA (Figure 5, Table 1) strongly supports these 
assumptions: metagenomes evidenced the presence of Nif genes associated with autotrophic 
metabolism only in polarized trials (AE, AN), but never in controls (AE-OC, AN-OC). 
Table 1 shows a summary of the output of Illumina shotgun sequencing. On average, 1 Mio reads 
were obtained for each sample, resulting in the assembly of 90000-100000 contigs with average 
length 340 bp. From sample AE-OC, a lower amount of raw reads and subsequent assembled 
contigs were retrieved, as compared to the others. Sequences encoding different nitrogenase 
complex subunits NifDEKNHQ were retrieved in AE and AN, and in AN-OC, whereas nitrogenase-
related sequences were absent in AE-OC (see Table 1). Sequences for subunits NifDEKN were 
found in both AE and AN, while NifH only in AE. NifN and NifQ were found in AN-OC. 
Phylogenetic analysis (Figure 5) allowed accounting for a wide variety of bacterial as well as 
archaeal species potentially involved in the expression of N-fixation. Nif sequences belonging to 
Methanobrevibacter arboriphilus were retrieved only in polarized reactors (AE and AN) biofilm 
samples. Nif sequences related to Candidatus Accumulibacter spp. were present only in AE and 
AN. Other Nif sequences belonging to Shewanella mangrovi and to Methylomonas koyamae were 
retrieved in the AE cathodic biofilm. In summary, the cathodic biofilms were colonized by 
autotrophic N2-fixers exclusively under polarization conditions (AE and AN) (Figure 5, Table 1).  
In fact, no genes encoding nitrogenase were found in AE-OC (Table 1). In AN-OC, no nitrogenase 
gene could be associated with autotrophic metabolism (Figure 5, Table 1): heterotrophs 
represented the totality of N2-fixing guild in AN-OC system (all the 9 subunit sequences reported in 
ACCEPTED MANUSCRIPT
AC
CE
PT
ED
 M
AN
US
CR
IP
T
Table 1). All Nif sequences retrieved in OC controls (only in AN-OC) belonged to facultative 
aerobic heterotrophs close to Azonexus hydrophilus and Azoarcus sp.. These were potential 
contributors to heterotrophic N-fixation, where residual available organic carbon was present in the 
biofilm environment. It is likely that anaerobic conditions preserved residual organic carbon to 
sustain heterotrophic diazotrophs, while more oxidative conditions in AE-OC, helped in depleting 
such organic C-sources.  
Organic molecules derived from biodegradation of residual biofilm and dead microbial cells could 
have served as possible electron donors for heterotrophic microbial growth, regardless of the 
polarization imposed. Indeed, many genera and Nif genes found in AE, AN and AN-OC biofilm 
samples (Figure 5, Figure 6), were associated with heterotrophic metabolism. In the presence of 
bioavailable forms of organic carbon, several heterotrophs could fix N and sustain their growth, also 
in the absence of polarization. This is true, for example, for Azoarcus sp. and Azonexus hydrophilus 
found in AN-OC, AN and AE. These bacteria were found to possess nitrogenase genes (Figure 5), 
as confirmed in the literature [63,64]. Additionally, Thauera sp. (Figure 6) is known to perform 
either heterotrophic anaerobic respiration of nitrate or selenite and chemolitho-autotrophy using 
hydrogen and carbon dioxide [65,66].  
In addition, several methanotrophic N-fixers (e.g. Methylomonas koyamae, Methylogaea oryza, 
Methylocaldum szegendiense) were retrieved solely under electro-stimulation, in both AE and AN 
(Figure 5 and 6). According to other studies, these species are able to use methane or methanol as 
carbon and energy source [67], while fixing N2 [68]. These methanotrophic diazotrophs probably 
short-circuited the methane produced by the underlying layer of Archaea (Figure 2), to grow and 
fix N. Indeed, CH4 was detected only in AN at trace concentrations (Table S1). A direct 
interspecies ET (DIET) in synthrophic association could also be possible, without intermediate 
methane production [69]. 
The most relevant autotrophic diazotroph was the strict anaerobe Methanobrevibacter arboriphilus. 
Nif genes associated with this species were found in the metagenome of AE and AN (Figure 5, 
Figure 6). M. arboriphilus, previously described as an hydrogenotrophic methanogen [70], was 
found in several biocathodes of microbial electrolysis cells and electro-methanogenic reactors 
[51,71,72]. Methanobrevibacter species were often associated also with DIET,  in syntrophic 
partnership with other electroactive bacteria, as recently reviewed [73]. Interestingly, AE biofilm 
contained nifD genes belonging to Shewanella sp. and Pelobacter sp. (Figure 5), which are widely 
recognized to possess conductive pili and membrane cytochromes for DIET [74]. The presence in 
AE of these electroactive microorganisms might have empowered both ET and C/N fixation in the 
biofilm community. In the complex microbial community established as cathodic biofilms, other 
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autotrophic N-fixers [75–77] might have played a role in biomass synthesis. Nif genes of 
Candidatus Accumulibacter sp., Sideroxydans sp., Ferriphaselus amnicola were retrieved in both 
AE and AN (Figure 5, Figure 6). Electro-autotrophic activity likely stimulated N-fixation of these 
known lithoautotrophic diazotrophs. 
Starting from these observations, three possible paths driving e-BNF were likely to occur in the 
cathodic biofilm, towards the synthesis of biomass (Figure 7):  
1) single microbial strains with simultaneous diazotrophic and electro-autotropic metabolic abilities 
yield sufficient reducing equivalents from EET and ATP for both CO2 and N2 fixation. This was the 
case for some Archaea (forming an inner layer at cathode interface, covered by Bacteria, Figure 2) 
or electroactive autotrophs with diazotrophic capabilities; 
2) electro-autotrophic and diazotrophic metabolisms could mutually work by syntrophic 
associations among different species. Available organic-C forms deriving from biofilm and CH4 
produced by Archaea could sustain heterotrophic or methanotrophic diazotrophs, which in turn 
could fix sufficient N in bioavailable forms, as to sustain electro-autotrophs.  
3) syntrophic association among electro-autotrophs and other N-fixers (e.g. between 
Methanobrevibacter and Shewanella/Pelobacter) by DIET is an option. 
Certainly, real proof of such hypothesized mechanisms (see further discussions on Supplementary 
materials) needs to be confirmed in further experiments, by performing meta-transcriptomic 
analysis on both biofilms and bulk liquid microbial communities.  
Conclusions 
Here, an explorative experiment was performed to ‘open’ this new field. We demonstrated that it is 
possible to induce simultaneous BNF and inorganic carbon fixation by imposing electrical 
stimulation to a mixed microbial community, as a unique source of reducing power. From such 
preliminary observations, we propose to open a brand new branch of fundamental research in the 
field of microbial electrochemistry: e-BNF, as a step beyond MES, would allow the synthesis of 
whole biomass, instead of single organic molecules. The possibility to electrically stimulate 
biomass synthesis, through simultaneous C- and N-fixation, might open a new path towards 
sustainable and local on-demand N-fertilizer production, based on renewable power. In the future, 
e-BNF might find engineered applications to enhance soil organic matter storage and to preserve 
soil fertility against desertification. In parallel, new scientific options could be opened in the study 
of early microbial life on Earth and in extreme environments. e-BNF might become a useful tool to 
understand the mechanisms of electron shuttling in soil niches more deeply, towards energy 
conservation and N-fixation. Finally, lithoautotrophic N-fixation is also one of the key-mechanisms 
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in biocorrosion. Controlling e-BNF mechanisms might prove to be fundamental as biocide 
technique to avoid biocorrosion in industrial facilities or historical monuments.  
A repeat of these findings and deeper insights are needed to support these observations and the 
hypotheses made in this article. Future experiments should aim at striking a quantitative balance of 
biomass (e.g. using isotope-labelled C and N), at studying the metatranscriptome or metaproteome, 
to understand the active biochemical mechanisms involved, and at increasing C- and N-fixation 
rates. 
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Figure 1 – Cathodic polarization current intensity during linear sweep voltammetry performed 
along the experiment under anaerobic (a) and air-exposed (b) conditions; dashed lines correspond 
to the potential of E = -0.7 vs SHE, utilized for chronoamperometry along the experiment. Trends of 
current densities measured on cathodic surface by chronoamperometry under anaerobic (c) and air-
exposed (d) conditions, along a representative period (days 80-90). 
Figure 2 - (a,b) Confocal laser scanning imaging and FISH-CLSM analysis of cathodic biofilms at 
day 110, under anaerobic (a) and air-exposed condition (b). The images correspond to three-
dimensional blend reconstructions obtained from confocal images series with the dedicated 
IMARIS software, including virtual shadow projections on the right-hand side to represent biofilm 
sections. Color key: Biofilm cells, green (Syto9); EPS matrix, red (ConA); cathodic surface, grey 
(reflection). (c,d) FISH-CLSM analysis reveals bacterial (first line) and archaeal (second line) 
communities, under anaerobic (c) and air-exposed condition (d). olor key: Eubacteria, green 
(probe EUB338); Archaea, red (probe ARCH915); cathodic surface, grey (reflection). Scale bars 
represent 20 or 30 µm. Larger images report polarized trials, while smaller the corresponding open 
circuit control. 
Figure 3 - Biomass abundance at day 110 in the biofilm (a, b) and released to the bulk liquid (c), 
under polarization (dark grey) and in open circuit controls (light grey). Cathodic biofilm biomass of 
both bacterial (a) and archaeal (b) communities was evaluated by semi-quantitative biovolumes 
estimation associated to FISH-CLSM analysis and quantitative determination of 16S rRNA gene 
copies by qPCR. Average (days 37-78) rates of biomass release to the bulk liquid phase (per liter of 
reactor volume per day), as total organic carbon (TOC), total Kjeldahl nitrogen (TKN) and 
suspended microbial cells count (with DAPI dye) (c). 
Figure 4 – The concept of bioelectrochemical nitrogen fixation (e-BNF) and its potential 
application to enhance soil fertility. The average rates of electro-stimulated biomass synthesis 
measured in this experiment (days 37 - 110) are reported, net of controls. 
Figure 5 - Nitrogenase genes retrieved in cathodic biofilms by metagenomics (by Illumina Nextera 
DNA library). Maximum Likelihood trees constructed with sequences affiliated to NifDE (a), 
NifNK (b), Nif(H) (c) and NifQ (d) obtained from samples (AE, AN, AE-OC and AN-OC). The 
outgroup of NifQ tree is represented by the NifDE tree. Evolutionary analyses were conducted in 
MEGA6 [45]. The evolutionary history was inferred by using the Maximum Likelihood method 
based on the Tamura-Nei model [45]. The trees with the highest log likelihood (-23594.0678, -
3896.7308 and -20091.6604 for a, b and c respectively) are shown. Initial tree(s) for the heuristic 
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search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances 
estimated using the Maximum Composite Likelihood (MCL) approach. The trees are drawn to 
scale, with branch lengths measured in the number of substitutions per site. The analysis involved 
75, 20 and 51 amino acid sequences, respectively, with a total of 647, 341 and 670 positions in the 
final dataset. 
Figure 6 - Microbial diversity of cathodic biofilms at the end of the experiment (day 110). Genus 
representation of Illumina 16S rRNA gene amplicon sequencing. 
Figure 7 – Proposed schematic representation of potential mechanisms driving e-BNF in a mixed 
microbial community, according to the genetic pool observed in this study. e-BNF is obtained by: 
a) direct or indirect (either via organic redox mediators: Med or via hydrogen) electron transfer 
between the electrode and autotrophic electro-active diazotrophs; b) syntrophic interaction 
(facultatively via direct interspecies electron transfer, DIET) between autotrophs and electroactive 
diazotrophs; c) CH4-short-circuiting syntrophic interaction between electro-active autotrophs 
(methanogens) and methanotrophic diazotrophs (furnishing fixed-N to the community); d) 
heterotrophic diazotrophs, harvesting energy from residual organic matter in the biofilm.  
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Highlights: 
 We introduce a new type of microbial electrosynthesis: bioelectrochemical N-fixation  
 e-BNF aims at producing whole biomass from N2 and inorganic carbon 
 Electrostimulation of microbial communities enriched autotrophic N-fixers  
 Biomass synthesis was higher, as compared to open circuit conditions 
 e-BNF is a possible candidate for sustainable alternatives to Haber-Bosch process 
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